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INFLUENCE OF PORE FLUID COMPOSITION ON V O L U M E  OF 
SEDIMENTS IN KAOLINITE SUSPENSIONS 
J. CHEN 1 AND A. ANANDARAJAH 2 
1 Department of Civil & Environmental Engineering, West Virginia University, Morgantown, West Virginia 26506 
2 Department of Civil Engineering, The Johns Hopkins University, Baltimore, Maryland 21218-2686 
Abstract- -Reported in this paper is a study of the influence of pore fluid composition on sediment volume 
of kaolinite suspensions. Laboratory tests have been conducted with kaolinite in water with NaC1, CaC12 
and A1C13 of different concentrations and in 10 types of organic liquids of varying values of static 
dielectric constant. The types of tests performed include regular suspension tests and leaching and cyclic 
leaching tests on kaolinite sediments. In the leaching tests, sediments formed during the regular suspension 
tests in water of low salt concentration were subsequently leached with water of high salt concentration. 
In the cyclic leaching tests, the salt concentration was increased and then decreased. The purpose of the 
leaching and cyclic leaching tests was to study the change in existing equilibrium fabric caused by 
subsequent changes in the concentration of salt in pore fluid. Results of the suspension tests indicate that 
sediment volume of a water suspension decreases with increase in ion concentration and increase in 
valence of cation. Leaching and cyclic leaching tests indicate that substantial change in salt concentration 
is required to change the existing fabric. The effect of dielectric constant of pore fluid on sediment volume 
is somewhat complex. As the dielectric constant increases from 1.9 for heptane to 110 for formamide, 
sediment volume first decreases, assuming a minimum at 24 for ethanol, increases with a maximum at 
80 for water, and decreases again until 110 for formamide. An approximate physico-chemical analysis 
model is used to interpret some of the data in a quantitative manner. In the analysis model, recently 
developed theories of double-layer repulsive and van der Waals attractive forces are combined to simulate 
the behavior of suspensions. 
Key Words----Dielectric Constant, Ion Concentration, Kaolinite, Leached, Mixed, Sediment, Suspension, 
Valence of Cation, Volume. 
I N T R O D U C T I O N  
Unde r s t and ing  at the  level  of  suspens ions  is impor-  
tant  in  exp la in ing  m a n y  aspects  o f  the  behav io r  o f  
clays.  Proper t ies  and  micros t ruc ture  o f  a soil are a di- 
rect  consequence  of  h o w  the  soil  is or ig inal ly  formed.  
For  ins tance ,  mar ine  clays,  wh ich  are fo rmed  in a sal ty 
wate r  env i ronmen t ,  are found  to have  h igh  porosi ty,  
wi th  edge- to -edge  or edge- to- face  ca rd-house  type  of  
micros t ruc ture  (Pusch  1966: Quig ley  and  T h o m p s o n  
1966). Such  a micros t ruc ture  is cons ide red  to be  re- 
spons ib le  for  m a r i n e  c lays '  sensi t iv i ty  to s t i ffness and  
shear  s t rength  ( that  is, loss of  s t i ffness and  shear  
s t rength  upon  external  d i s tu rbance  such as an ear th-  
quake  loading  or a static loading  that  p roduces  suffi- 
c ient  strain, caus ing  d is rupt ion  o f  soil fabric).  Recen t  
pract ices  in  was te  d isposa l  in  landfil ls  wi th  c lay l iners  
d e m a n d  be t te r  unde r s t and ing  o f  the  in terac t ion  be-  
tween  clay par t ic les  and  var ious  chemica l  pol lutants .  
Expe r imen ta l  s tudies conduc ted  in the past  2 decades  
indica te  that  s t r ess - s t ra in  behavior ,  permeabi l i ty ,  shear  
s t rength  and  fabr ic  of  soils  will  change  w h e n  pore  fluid 
compos i t i on  is c h a n g e d  as a consequence  o f  chemica l  
po l lu t ion  (Mesr i  and  Olson  1971; A n a n d a r a j a h  and  
Z h a o  1996). 
The  re la t ionship  be t w een  pore  fluid compos i t i on  
and  soil proper t ies  is impor t an t  in m a n y  o ther  areas as 
well.  A soil sc ient is t  is in teres ted  in  cond i t ion ing  clay- 
con ta in ing  soils to ach ieve  good  poros i ty  and  p e r m e -  
abil i ty charac ter is t ics  in  order  to p romote  root  g rowth  
and  easy workabi l i ty  (Gr im  1968). A n  e n v i r o n m e n t a l  
eng inee r  s tr ives to find an ef fec t ive  way  to r e m o v e  
con taminan t ,  w h i c h  is f requent ly  soil, f rom waste  wa-  
ter  t h rough  chemica l  addi t ives  by  means  of  sed imen-  
ta t ion  (Peavy  et al. 1985). A prac t i t ioner  in the  oil 
dr i l l ing indus t ry  is in te res ted  in chemica l  cond i t ion ing  
o f  dr i l l ing m u d s  to bu i ld  a thin,  i m p e r m e a b l e  filter 
cake  o n  the  face o f  a dr i l l ing hole  (Van O l p h e n  1977). 
The  ob jec t ive  o f  this  s tudy is to inves t iga te  the in-  
f luence of  pore  fluid compos i t i on  on  the b e h a v i o r  o f  
kaol in i te  suspens ions .  The  compos i t i ona l  var iab les  
cons ide red  are the va lence  of  cat ions ,  the ionic  con-  
cen t ra t ion  and  the fluid 's  static die lectr ic  constant .  A 
sys temat ic  series o f  suspens ion  tests  was  conduc t ed  on  
kaol in i te  in NaC1, CaC12 and  AIC13 wate r  solut ions  o f  
d i f fe rent  concent ra t ion .  To capture  the effect  of  the  
pore  f luid 's  d ie lectr ic  cons tant ,  organic  l iquids  o f  dif-  
fe rent  dielectr ic  cons tan ts  were  used  in ano the r  ser ies  
of  suspens ion  tests. 
Af te r  p resen ta t ion  and  d i scuss ion  of  the  resul ts  of  
exper iments ,  some of  the resul ts  were  ana lysed  us ing  
a recen t ly  deve loped ,  approx imate  suspens ion  analys is  
mode l  (Ananda ra j ah  1997). W h i l e  the  mode l  is not  yet  
a predic t ive  model ,  it has  b e e n  found  to be  an excel -  
lent  tool  for  in terpre t ing  exper imen ta l  da ta  f rom a 
phys i co -chemica l  v iewpoint .  
Copyright 9 1998, The Clay Minerals Society 145 
146 Chen and Anandarajah Clays and Clay Minerals" 
E X P E R I M E N T A L  P R O C E D U R E  
Georg ia  kaol in i te  was  used in the  exper imenta l  
study. Th i s  type  of  kaol in i te  is a m o n g  the mos t  s tudied 
clay minera l s  in  the l i terature.  Accord ing  to G r i m  
(1968),  the  clay has  a specific surface  (S) of  about  20 
m2/g and  a ca t ion  exchange  capaci ty  (CEC)  of  about  
4 .0  m e q / 1 0 0  g. H y d r o m e t e r  analysis  pe r fo rmed  on the  
kaol in i te  indica tes  tha t  the par t ic le  size falls in  the 
r ange  10 Ixm < d < 0.1 p.m, where  d is the diameter ,  
wi th  a ds0 ( that  is, 50% of  the vo lume  has  part ic le  size 
less than  ds0 ) o f  about  1.6 Ixm. 
The  fluids used  in the tests  were  de ion ized  wate r  
wi th  va ry ing  amoun t s  of  NaC1, CaC12 and  A1C13, and  
organic  fluids o f  va r y i ng  values  o f  static dielectr ic  
constant .  The  organic  fluids cons ide red  inc lude  hep-  
tane, benzene ,  t r ie thylamine ,  acet ic  acid, e thyl  aceto-  
acetate,  e thanol ,  me thano l ,  f o r m a m i d e  and  e thanol /wa-  
ter  mixture .  
Three  types  of  tests  were  p e r f o r m e d  in the  study: 
suspens ion  tests, l each ing  tests  and  cycl ic  l each ing  
tests. The  test  p rocedures  are descr ibed  in the  subse-  
quen t  sect ions.  Al so  desc r ibed  be low are a " w a s h i n g  
t e c h n i q u e "  used  to de t e rmine  the  a m o u n t  of  salt pres-  
ent  in the source  kaol in i te  mine ra l  used  in the  study, 
and  the m e t h o d  of  es t imat ing  an  equ iva len t  salt  con-  
cen t ra t ion  f rom conduc t iv i ty  measurement s .  
Suspens ion  Tests 
In the suspens ion  tests,  50 g o f  dry  kaol in i te  were  
mixed  wi th  125 m L  l iquid o f  des i red  compos i t i on  in 
an  electr ic  mixe r  for  a dura t ion  of  30 rain. The  ka-  
o l in i t e - f lu id  so lu t ion  was then  t ransfer red  to a cy l inder  
of  1 L vo lume  and  more  fluid was  added  to br ing  the  
total  v o l u m e  of  the  mix  to 1 L. T he  cy l inder  had  a 
cross  sec t ional  area o f  16.6 c m  2. The  so lu t ion  was fur- 
ther  s t i rred wi th  a thin,  c lean  meta l  rod  before  com-  
m e n c e m e n t  o f  record ing  the sed imen t  th ickness  wi th  
t ime.  The  he igh t  of  sed imen t  was  measu red  once  a day 
unt i l  ident ical  resul ts  were  ob ta ined  for  2 consecu t ive  
days. The  sed imen t  he igh t  was  m e a s u r e d  wi th  an ac- 
curacy  o f  wi th in  +_ 1.0 m m ,  and  an  average  he igh t  cal- 
culated.  F r o m  the height ,  the sed imen t ' s  vo id  rat io  was 
calculated.  Void rat io  is def ined as the  rat io  be tween  
the  vo lume  o f  vo id  to vo lume  of  solids. In the  tests  
des igned  to examine  the inf luence  o f  salt  types and  
concent ra t ions ,  the fluid was  p repared  by  add ing  the 
salt  to a de ion ized  water. In  the series i nvo lv ing  or- 
gan ic  fluids, the  fluid of  in teres t  was  direct ly  mixed  
wi th  d ry  kaolini te .  
Once  the kaol in i te  so lu t ion  was t ransfer red  to the  
test  cylinder,  kaol in i te  par t ic les  began  to settle, even-  
tual ly  l eav ing  a c lear  superna tan t  l iquid at the top, wi th  
a c lear ly  o b s e r v a b l e  in te r face  be t w een  sed imen t  and  
liquid. Typica l ly  a pe r iod  of  approx imate ly  2 weeks  
was needed  for  the s ed imen t  to reach  an equi l ibr ium;  
that  is, for  the vo lume  o f  s ed imen t  to r e m a i n  cons tan t  
wi th  t ime. 
Leach ing  Tests 
The  objec t ive  of  this  series of  tests  was  to invest i -  
gate the  change  in the  exis t ing equ i l ib r ium fabric,  and  
the consequen t  change  in sed imen t  vo lume,  caused  by  
fur ther  changes  in salt  concent ra t ion .  The  tests were  
pe r fo rmed  on equ i l ib r ium sed iments  ob ta ined  f rom ka-  
ol ini te  suspens ions  p repa red  wi th  de ion ized  water, as 
descr ibed  in the p reced ing  section.  Once  equ i l ib r ium 
had  b e e n  reached,  ion concen t ra t ion  in pore  fluid was 
changed  by  s imply  add ing  more  salt ( concen t ra ted  salt  
solut ion of  k n o w n  concen t ra t ion)  to the superna tan t  
fluid and  the c h a n g e  in sed imen t  th ickness  was mon-  
i tored wi th  t ime. Care  was taken  not  to d is turb  the 
exis t ing fabr ic  at the t ime  of  adding  salt. The  salt  con-  
cen t ra t ion  was changed  in inc remen t s  and,  for  each  
increment ,  the sed imen t  was  a l lowed  to r each  a new 
equ i l ib r ium state. Once  equ i l ib r ium was r eached  for  a 
g iven  inc rementa l  change ,  the  nex t  inc rementa l  change  
was m a d e  and  the  process  repea ted  unt i l  the  concen -  
t ra t ion of  salt  in  the fluid was ra ised  to 1.0 M. Tests 
were  conduc ted  wi th  NaCI,  CaCI2 and  A1C13. 
Cycl ic  Leach ing  Tests 
The  purpose  of  this  series of  tests  was  to s tudy the 
nature  o f  vo lume  change  due  to " l o a d i n g "  ( increase  
in salt  concent ra t ion) ,  fo l lowed  by  " u n l o a d i n g "  (de- 
crease in salt concent ra t ion) .  The  tests  were  conduc ted  
on  k a o l i n i t e  s e d i m e n t s  e q u i l i b r a t e d  in i t i a l ly  w i th  
de ion ized  water. On ly  a l u m i n u m  chlor ide  was cons id-  
ered  in this  series. The  p rocedure  fo l lowed  in the  
" l o a d i n g "  phase  was ident ical  to that  used  in the  
leaching  tests, descr ibed  in the p reced ing  section.  Alu-  
m i n u m  chlor ide  in the  fo rm of  concen t ra t ed  wate r  so- 
lut ion was added inc rementa l ly  (in a smal l  a m o u n t  at 
a t ime)  to the superna tan t  fluid and  the  sed imen t  was  
a l lowed to reach  a new equ i l ib r ium state after  each  
inc rementa l  loading.  W h e n  the  total  ionic  concent ra -  
t ion of  the suspens ion  reached  1.0 M, the concent ra-  
t ion was r educed  inc rementa l ly  by  r e m o v i n g  a cer ta in  
amoun t  o f  superna tan t  fluid and  add ing  de ion ized  wa-  
ter. The  ion concen t ra t ion  in pore  fluid was r educed  
by  about  ha l f  each  t ime  this  was  done.  The  sed imen t  
was  a l lowed to reach  a new equ i l ib r ium state, the  
th ickness  was recorded  and  fur ther  inc rementa l  un-  
loading cont inued.  The  test  was  con t inued  unt i l  the  
concen t ra t ion  of  A1C13 was decreased  to about  1.0 • 
10 -4 M. 
Electr ic  Conduc t iv i ty  M e a s u r e m e n t s  
There  exists  a un ique  re la t ionship  be tween  electr ic  
conduc t iv i ty  of  an  aqueous  so lu t ion  and  ion concen-  
t ra t ion in the solution.  A re la t ionship  was es tab l i shed  
by  measu r ing  electr ic  conduc t iv i ty  of  N a C l - w a t e r  so- 
lu t ion  at a n u m b e r  of  NaC1 concen t ra t ions  in  the  r ange  
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Figure 1. Variation of sediment's void ratio with settling 
time for kaolinite-water suspensions. 
be tween 1.0 • 10 4 M and 1.0 M. This relationship is 
slightly nonlinear and is somewhat  dependent  on the 
salt used; for example,  the electric conduct ivi ty  at 1.0 
M NaC1 is 60.0 mS and at 1.0 M CaC12 is 56.0 mS. 
In the present study, the conduct ivi ty  versus concen-  
tration relation established for the N a C l - w a t e r  solution 
is used. Whi le  the method  cannot be used to determine 
the type of  salt present in the electrolyte solution, it 
can be used to find an "equiva len t  salt concentra t ion"  
(that is, concentrat ion of  NaCI at which the value of  
electric conduct ivi ty  o f  the wa te r -NaCl  solution is 
equal  to that measured for the solution at hand). 
Washing Technique 
The technique o f  " w a s h i n g "  was used to est imate 
the amount  o f  salt (in terms of  an equivalent  concen-  
tration) attached to the source kaolinite clay mineral  
used in the study. The  procedure described earlier was 
fo l lowed to prepare a 1-L suspension consist ing o f  50 
g of  dry kaolinite and deionized water. The clay par- 
ticles were a l lowed to settle and, at equil ibrium, elec- 
tric conduct ivi ty  of  the supernatant (liquid on the top 
of  kaolinite sediment),  as wel l  as the suspension thick- 
ness were  measured.  The  supernatant l iquid was then 
r emoved  and the sediment poured into the electric 
mixer  to be mixed  with fresh deionized water. The 
procedure was repeated until the measured electric 
conduct ivi ty  o f  supernatant fluid became the same for 
2 consecut ive  suspension tests. The  difference be tween  
original and final electric conduct ivi ty  of  kaolinite sus- 
pension is thus due to salts attached to kaolinite par- 
ticles and was used to compute  an equivalent  NaC1 
concentration. 
RESULTS OF  S U S P E N S I O N  
TESTS  W I T H  W A T E R  
Settling Rate 
Results  showing the variat ion o f  sediment 's  void  ra- 
tio with t ime for kaolinite suspension in NaCl -wa t e r  
solution are presented in Figure 1 for different con- 
centrations of  NaC1. The behavior  is somewhat  com-  
.d ' 






. . . . . . . .  : . - . . . .  : : :  - . : : : : : - :  . 
0 . 0 1  0 . 1  l 
C o n c e n t r a t i o n  o f  NaC1 (M] 
Variation of sediment's void ratio with concentra- 
tion of NaC1 for kaolinite-water suspensions for low to high 
concentrations of NaC1. 
plex. Particles in a solution of  high concentrat ion (for 
example,  1.0 M NaC1) settle more  s lowly at the start 
than those in a solution o f  low concentrat ion (for ex-  
ample, 0.01 M NaCI). Af ter  a certain per iod of  time, 
however,  the settling rate of  particles in a solution o f  
high concentrat ion seems to increase, and exceeds  that 
o f  particles in a solution o f  low concentration; for ex- 
ample,  the slope o f  the curve  for 1.0 M NaCI  after a 
per iod of  100 min  is steeper than the slope o f  the curve  
for 0.01 M NaC1 after 10 min. A detailed study is 
needed to invest igate the cause of  this observed  be- 
havior. Eventually,  higher  salt concentrat ions lead to 
lower  sediment ' s  void  ratio. 
Effect  o f  Ion Concentrat ion 
By conducting suspension tests in salt (NaC1) water  
o f  different concentrations,  the effect o f  ionic concen-  
tration on sediment  vo lume  has been invest igated;  the 
results are presented in Figure  2 in terms of  the equi- 
l ibr ium sediment 's  void  ratio as a function o f  salt con-  
centration. 
The results indicate that, for  the kaolini te used in 
the study, the sediment ' s  void  ratio decreases with in- 
crease in ion concentration. The void ratio decreases 
f rom 12 to about 9 as the ion concentrat ion increases 
f rom 10 -3 to 1 M. Increasing salt concentrat ion de- 
creases the diffuse double- layer  thickness (Verwey and 
Overbeek  1948), leading to smaller  sediment ' s  void  
ratio. 
There are studies (such as Van Olphen 1977) indi- 
cating that, as the electrolyte concentrat ion increases,  
the sediment 's  void  ratio first decreases and then in- 
creases. The  increase is attributed to the format ion o f  
fractal flocs o f  large void  ratio (Weitz et al. 1991). This 
was not observed  in the present study. 
It is of  interest to know whether  this trend holds 
true for concentrat ions beyond the range considered,  
especial ly at ext remely  low concentrations. In studying 
the behavior  at low concentrations,  one practical dif- 
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Table 1. Results of repeated washing of kaolinite suspension 
with deionized water. 
Number 
of Sediment Electric Equivalent 
wash- thickness Void ratio conductivity NaCI concen. Time 
ings (cm) e (,~S) (M) (day) 
(1) (2) (3) (4) (5) (6) 
0 8.71 12.5 101,5 1.5 x 10 3 3 
l 8.38 12.0 43.7 5.0 x l0 4 4 
2 8.18 11.7 33.3 3.4 • 10 4 6 
3 7.87 11.2 29.6 2.8 • 10 4 5 
4 7.75 11.0 23.2 2.5 • 10 4 5 
5 4.57 6.1 18.2 1.7 • 10 4 32 
6 2.79 3.3 16.4 1.5 ~x~ 10 4 40 
ficulty ar ises  f rom the  fact  that  there  is a lways  a cer- 
ta in  a m o u n t  of  salt  a t tached to d ry  kaol in i te  par t ic les  
in the i r  natural  state. Effor t  was  then  devo ted  to mea-  
sure the  a m o u n t  o f  this  salt. T he  " ' w a s h i n g "  t echn ique  
was used for  this  purpose .  It m a y  be no ted  that  the 
" w a s h i n g  t e c h n i q u e "  is c o m m o n l y  used in env i ron-  
men ta l  eng inee r ing  and  col loidal  sc ience (Van Olphen  
1977). 
U p o n  mix ing  of  d ry  kaol in i te  wi th  de ion ized  water, 
salt a t tached to c lay par t ic les  d issolves  into the solu- 
t ion,  wi th  the  electr ic  conduc t iv i ty  of  the  superna tan t  
l iquid a s suming  a cer ta in  value.  Three  factors  contr ib-  
ute to the  electr ic  conduc t iv i ty  of  the  superna tan t  fluid: 
d i sso lved  salt  or ig inal ly  a t tached to kaol in i te  part icles,  
ions  in the de ion ized  wate r  and con t r ibu t ions  f rom 
clay par t ic les  themse lves .  T he  " w a s h i n g  t e c h n i q u e "  
p rov ides  a means  of  es t imat ing  the salt  a t t ached  to c lay 
particles.  
Test resul ts  are s u m m a r i z e d  in Table  1. Note  tha t  
the first row of  data  in Table 1 cor responds  to the 
or ig inal  sediment .  The  electr ic  conduc t iv i ty  of  the  
de ion ized  wate r  used  in the s tudy was 2.6 txS. 
As  expec ted  electr ic  conduc t iv i ty  of  kaol in i te  sus- 
pens ion  dec reased  as the sed imen t  was repea tedly  
w a s h e d  wi th  de ion ized  water. Accord ing  to this  test, 
there  was 1.35 m e q  of  salt  a t tached to 50  g of  kaol in-  
ite. 
Two s t r ik ing p h e n o m e n a  were  obse rved  dur ing  the 
tests. 1) Suspens ion  v o l u m e  suddenly  decreased  dras-  
t ical ly after  the 5th washing .  This  occur red  at concen-  
t ra t ions  smal ler  than  1.7 • 10 -4 M, In accordance  wi th  
the  di f fuse  doub le - layer  theory  (Verwey  and  O v e r b e e k  
1948), the  double - layer  th ickness  should  increase  as 
the e lectrolyte  concen t ra t ion  decreases;  fur ther  s tudy 
is needed  in exp la in ing  this  aspect  of  the  o b s e r v e d  
behavior .  2) The  leng th  of  t ime  needed  for  the  c loud 
in superna tan t  fluid to c lear  up increased  suddenly  
f rom several  days  before  the 5th  wash ing  to more  than  
1 m o  for  the 5th  and  6th  washings .  
The  re la t ionship  s h o w n  in Figure  3 was ob ta ined  by  
c o m b i n i n g  the resul ts  in  F igure  2 and  those  of  the 
wash ing  tests  p resen ted  in Table  1. It is seen that,  as 
the concen t ra t ion  of  NaC1 increases  f rom a ve ry  low 
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Figure 3. Variation of sediment's void ratio with concentra- 
tion of NaC1 for kaolinite-water suspensions for very low to 
high concentration of NaC1. 
value,  the sed iment ' s  equ i l ib r ium vo id  rat io  first in- 
creases,  reaches  a m a x i m u m  around  1.5 • 10 -3 M and  
decreases  wi th  fur ther  increase  in ion concent ra t ion .  
Inf luence  of  Valence  of  Ca t ion  
To inves t iga te  the effect  of  salt type  on  the suspen-  
sion behavior ,  3 types of  salts inc lud ing  NaC1, CaC12 
and  A1C13 were  used. To avoid  diff iculty of  in terpret-  
ing the resul ts  due to poss ib le  inf luence  o f  anions ,  salts 
of  the same an ion  types ( C I )  were  used. Test  resul ts  
are presen ted  in F igure  4. 
Equ i l ib r ium void  rat io  decreases  wi th  increase  in the  
va lence  of  ca t ion at the same concent ra t ions .  However ,  
at low concent ra t ions ,  the d i f ferences  a m o n g  the 3 
salts are ve ry  small .  In  fact,  at a concen t ra t ion  of  1 X 
10 -3 M, the d i f ferences  in  sed imen t ' s  vo id  rat io in dif-  
ferent  salts are wi th in  exper imenta l  errors.  As  the con-  
cent ra t ion  increases ,  salts of  h ighe r  va lence  b e c o m e  
more  effect ive  in r educ ing  sed imen t  vo lume,  and  the 
d i f fe rence  in sed iment  v o l u m e  of  suspens ions  of  dif-  
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Figure 6. Effect of cyclic leaching on sediment's void ratio 
for kaolinite-water suspensions. 
RESULTS OF LEACHING TESTS 
The suspension tests described in the preceding sec- 
tions were all carried out on separate suspensions, each 
prepared independently in different solutions. The final 
equilibrium fabric (arrangement of particles) would in 
general be different in different specimens, compatible 
with the system variables and the resulting physico- 
chemical interparticle forces. This is possible because 
the particles, when they settle under gravity, are free 
to rotate, slide on each other and translate, as dictated 
by the interparticle forces. Once such a fabric is 
formed, particles lose most of  the freedom for further 
change, due to constraints imposed by the surrounding 
particles. For example, when the pore fluid composi- 
tion of an equilibrium sediment is changed, physico- 
chemical interparticle forces will change, but the fab- 
ric cannot change that easily. 
This process is akin to the "leaching" that takes 
place in the field on a soil whose fabric was formed 
at an earlier time in a different environment (such as 
marine). To examine this process, a series of  leaching 
tests were conducted by the procedure described ear- 
lier. Tests were conducted with NaC1, CaC12 and A1C13, 
and the results are presented in Figure 5. 
For all 3 salts, sediment volume remained fairly 
constant up to a concentration of about 0.03 M. Fol- 
lowing this, a significant decrease in sediment volume 
was observed. As more salt was added, salt of high 
valence was found to be more effective in compressing 
the sediment, with the degree of  volume reduction in- 
creasing in the order of  AIC13, CaCI2 and NaC1. In 
comparison to its counterpart in Figure 4, where the 
results of fresh sedimentation are presented the same 
trend was observed during leaching for the influence 
of ion concentration and the valence of cation, except 
that in the leaching tests volume change occurred only 
at sufficiently high concentrations, indicating the need 
for higher energy to change an existing fabric. When 
the fabric did change, it appeared that it suddenly col- 
lapsed, eventually leading to even smaller volumes at 
corresponding concentrations (Figure 5) than the vir- 
gin suspensions (Figure 4). 
RESULTS OF CYCLIC LEACHING TESTS 
These tests were conducted on the equilibrium sed- 
iment of kaolinite-water-A1Cl3 system after the leach- 
ing tests had been completed; that is, after the con- 
centration had been increased incrementally to 1.0 M. 
Tests were then continued to investigate the degree of 
swelling of  sediments due to removal of  salts in the 
fluid. Test results are presented in Figure 6. It is seen 
that upon decreasing the salt concentration of the sed- 
iment, the sediment's void ratio decreased slightly first 
and then remained fairly constant. This trend contin- 
ued up to a concentration as low as at 1.0 x 1 0  - 4  M. 
Thus, for the system considered here, the original fab- 
ric did not appear to be altered by the reduction in ion 
concentration in the fluid. 
RESULTS OF SUSPENSION TESTS WITH 
ORGANIC FLUIDS 
The influence of pore fluid type has been investi- 
gated by conducting suspension tests in different or- 
ganic fluids. Ten types of liquids including heptane, 
benzene, triethylamine, acetic acid, ethyl acetoacetate, 
ethanol, methanol, water, formamide and a mixture of  
ethanol and water were employed. These chemicals 
were primarily selected according to their static di- 
electric constants. Test results are summarized in Table 
2, along with the physical properties of  the fluids. 
Test results are plotted in Figure 7. The sediment's 
void ratio decreases first with increase in static dielec- 
tric constant with a minimum for ethanol, increases up 
to a maximum for water and then decreases again for 
formamide. The point % = 52 was obtained by mixing 
ethanol (e = 24) with water (e = 80) in equal portion. 
As can be seen from Figure 7, this point falls in be- 
tween water and ethanol. 
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Dielectric Specific Sediment ' s  equi- 
Chemicals  constant gravity ~oid ratio l ibrium 
( I )  (2} (3) (5) (6) 
Heptane 1.91 0.68 20.4 4 
Benzene 2.28 0.88 19.1 5 
Triethylamine 2.45 0.73 16.6 4 
Acetic acid 6.15 1.05 9.8 5 
Ethyl acetoacetate 15.7 1.01 5.8 22 
Ethanol 24.3 0.79 2.6 42 
Methanol 33.6 0.80 3.3 36 
Water + ethanol 52.4 0.90 10.4 7 
Water 80.4 1.00 12.3 5 
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F l u i d ' s  S t a t i c  D i e l e c t r i c  Cons tan t  
Figure 7. Effect of pore fluid's static dielectric constant on 
sediment's void ratio for kaolinite-water suspensions. 
The  diffuse doub le - layer  theory  suggests  that  the 
doub le - layer  th ickness  decreases  as the static dielectr ic  
cons tan t  of  the fluid decreases  (Verwey  and  O v e r b e e k  
1948), and  this  leads to a decrease  in the double - layer  
repuls ive  force. The  decrease  of  the doub le - layer  force 
wi th  dielectr ic  cons tan t  is monoton ic .  
The  van  der  Waals  a t t ract ive  force, on the o ther  
hand,  is a func t ion  of  the d i f fe rence  in dielectr ic  prop-  
er t ies  of  the c lay minera l  and  fluid. It varies  in a non-  
l inear  m a n n e r  wi th  the  dielectr ic  proper t ies  of  the flu- 
id, and  the var ia t ion  is approx imate ly  s imilar  to that  
shown  in F igure  7 (Chen  1996; A n a n d a r a j a h  and Chen  
1997). Quant i ta t ively ,  however ,  the net  phys i co -chem-  
ical force  ( that  is, the d i f fe rence  be t w een  the double-  
layer  repuls ive  and  the van  der  Waals  a t t ract ive  forces)  
shou ld  cont ro l  the  behav io r  ( that  is, the shape  of  the 
var ia t ion  of  s ed imen t ' s  vo id  rat io  wi th  static dielectr ic  
constant) .  
A l so  note  the d i f fe rence  in the length  of  t ime  needed  
for  the c loud in superna tan t  fluid to clear  up and  the 
sed iments  to r each  equ i l ib r ium void  ratio. Whi l e  in all 
o ther  chemica l s  suspens ion  reached  equ i l ib r ium within  
2 weeks,  in e thanol  and methano l ,  a per iod of  1.5 
m o n t h  was needed  for the  superna tan t  to c lear  up be- 
fore the  in te r face  could  be  clear ly seen. 
A P P R O X I M A T E  A N A L Y S I S  O F  T H E  
S U S P E N S I O N S  
The  final equ i l ib r ium Iabric  and  void rat io  are a di- 
rect  func t ion  of  the compos i t i on  of  sys tem var iables  
(clay mineral ,  pore  fluid and  salt  types),  and  other  fac- 
tors such as e n v i r o n m e n t a l  ( temperature) ,  loading 
(gravity),  and b o u n d a r y  ( l - d i m e n s i o n a l )  condi t ions .  
In terpar t ic le  forces are p redominan t ly  phys i co -chemi -  
cal ( the double - layer  repuls ive  and  the van  der  Waals 
a t t ract ive forces) ,  a l though  mechan ica l  in te rac t ions  do 
exist.  (The mechan ica l  in te rac t ions  are mechan ica l  re- 
act ions  that  deve lop  be tween  2 part icles  w h e n  they 
touch  each  other.) 
Mo t iva t ed  largely  by the need  to p rov ide  a more  
quant i ta t ive  in terpre ta t ion  of  exper imen ta l  data, a sys- 
temat ic  s tudy was in i t ia ted several  years  ago. To date,  
theor ies  have  been  deve loped  for  c o m p u t i n g  the dou-  
b le- layer  repuls ive  force  b e t w e e n  2 nonpara l le l  clay 
part icles  (Ananda ra j ah  and  Lu 1992; A n a n d a r a j a h  and  
Chen  1994), and  for compu t ing  the  van  der  Waals  at- 
t ract ive force be tween  2 nonpara l le l  clay par t ic les  (An-  
andara jah  and  C h e n  1997). 
Bol t  (1956)  presen ted  a theory  o f  compress ib i l i ty  
for clays,  a s suming  that  the clay part icles  were  paral lel  
to each  other, and that  the external ly  appl ied vert ical  
force was  comple te ly  coun te rba l anced  by  the double -  
layer  repuls ive  force. In an  a t tempt  to improve  the  the-  
ory  wi th  regard  to bo th  of  these  assumpt ions ,  A n a n -  
dara jah  (1997)  has  recent ly  ex tended  Bol t ' s  mode l  by  
as suming  the par t ic les  to be  a r ranged  in a nonpara l le l  
but  regular  m a n n e r  as s h o w n  in F igure  8. and  by  con-  
s ider ing bo th  the doub le - layer  repuls ive  and  van  der  
Waals  a t t ract ive  forces.  The  mechan ica l  in te rac t ions  
are still ignored  in the model .  The  gravi ty  force is 






Figure 8. Nonparallel particle model representing soil in 1- 
dimensional consolidation suspension cylinder. 
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Table 3. Analytical results for kaolinite-water-NaCl suspen- 
sions. 
etbe~y 
0 ~ 0  
0 = 0  F a . ~ 0  
n o ec~ p Fat t = 0 0 = 0 0 = 45  ~ 
(M)  B o l t ' s  Fa~ # 0 F ~  # 0 e 0 ~ 
0.001 12.1 2.08 2.08 12.2 12.2 45 
0.010 11.6 0.834 0.810 11.7 11.6 44 
0.100 10.5 0.316 0.232 11.4 10.4 40 
1.000 9.30 O. 113 0.001 11.4 9.20 36 
force. Thus ,  each  par t ic le  in  this  mode l  is a s s um ed  to 
be  in equ i l ib r ium unde r  the doub le - layer  repuls ive  
force, the  van  der  Waals  a t t ract ive  force and  its weight .  
In  addi t ion  to these,  the t opm os t  part ic le  is subjec ted  
to the surface  force. The  spacing b e t w e e n  a part ic le  
and  its ne ighbors  ( above  and  be low)  mus t  be  cons is -  
tent  wi th  the mechan ica l  (gravi ty  and  surface)  and  
phys i co -chemica l  ( repuls ive  and  at t ract ive)  forces.  T he  
phys i co -chemica l  forces  are c o m p u t e d  us ing  the  the-  
ories m e n t i o n e d  earlier. 
The  mode l  is used  here  to ana lyze  some  of  the  sus- 
pens ions  repor ted  in the  p reced ing  sections.  Table 3 
presents  the resul ts  for  kao l i n i t e - w a t e r - N aC1  suspen-  
s ions for  d i f ferent  concen t ra t ions  of  NaC1. The  fol low- 
ing proper t ies  were  used  in c o m p u t i n g  the  repuls ive  
force: salt  concen t ra t ion  (as listed), ca t ion ' s  va lence  = 
1, wa te r ' s  static die lectr ic  cons tan t  = 80, ca t ion  ex- 
change  capaci ty  (CEC)  of  kaol in i te  = 4 m eq / 100  g, 
specific surface  o f  kaol in i te  = 20 m2/g and  tempera-  
ture = 293 ~ The  proper t ies  needed  to compu te  the 
a t t ract ive  force are l u m p e d  toge ther  into  a cons tan t  
k n o w n  as the H a m a k e r  constant ,  w h i c h  is 10.0 • 10 -2~ 
J for a kao l i n i t e -wa t e r  sys tem (Chen  1996). T he  van  
der  Waals  a t t ract ive  force does  not  va ry  wi th  the  sal t  
type  or the  salt concent ra t ion .  
C o l u m n  2 of  Table  3 lists the  expe r imen ta l  va lue  of  
equ i l ib r ium void  ratio. The  Bol t ' s  (1956)  theory  is first 
used  to compu te  the  equ i l ib r ium vo id  ratio. Deno t ing  
the  angle  be tween  2 par t ic les  by  0, recal l  tha t  in  the  
Bo l t ' s  theory,  0 = 0 ~ and  the a t t ract ive  force is ig- 
nored.  It m a y  be  seen by  c o m p a r i n g  C o l u m n s  2 and  
3, these  a s sumpt ions  do  not  r epresen t  the  suspens ions ;  
c o m p u t e d  vo id  ra t ios  are m u c h  smal le r  than  the  mea-  
sured ones.  Next ,  ana lyses  are repea ted  wi th  consid-  
e ra t ion  to the a t t ract ive  force, bu t  still a s suming  0 = 
0 ~ and  the  resul ts  are l is ted in C o l u m n  4. As  expected ,  
the  c o m p u t e d  vo id  rat ios are even  smaller ;  the attrac- 
t ive  force  decreases  the net  repuls ion.  
Next ,  ana lyses  are pe r fo rmed  wi th  0 = 45 ~ wi th  the  
in ten t ion  o f  s imula t ing  a r a n d o m  part icle  or ientat ion,  
and  the resul ts  are l is ted in C o l u m n  5. In a r a n d o m  
fabric,  0 wil l  be  un i fo rmly  d is t r ibuted  b e t w e e n  0 and  
90 ~ and  an  average  va lue  for  a de te rmin is t ic  analysis  
such  as the present  one  is 45 ~ A va lue  now  has  to be  
a s sumed  for  the length  of  the  part icles.  A length  was  
c o m p u t e d  by  ma tch ing  the  theore t ica l  and  expe r imen-  
tal  vo id  rat ios at no = 0.001 M, wi th  par t ic les  a s s u m e d  
r a n d o m  at this  concen t ra t ion  (0 = 45~ The  c o m p u t e d  
leng th  was  2.35 Ix, wh ich  is s l ight ly b igger  than  ds0 ( =  
1.6 Ix). The  leng th  is used  in all of  the subsequen t  
analyses .  
Now,  it is seen  tha t  the c o m p u t e d  vo id  rat ios are 
ve ry  close to the  m e a s u r e d  ones.  For  the first 2 lower  
concen t ra t ions  ( that  is, for 0.001 M and  0.01 M),  the 
net  force was  still repuls ive  and  the analys is  was  able  
to find a non-ze ro  spac ing  be tween  par t ic les  at the i r  
c loses t  edges  at wh ich  equ i l ib r ium is fulfil led. The  
c o m p u t e d  void  rat io  dec reased  f rom 12.2 to 11.7 as 
the concen t ra t ion  increased  f rom 0.001 to 0.01 M. 
However ,  for  concen t ra t ions  of  0.1 M and  higher,  e v e n  
w h e n  the separa t ion  d is tance  at the  c loses t  edges  is 
zero, the ne t  repuls ive  force is no t  large  e n o u g h  to 
ca r ry  the  we igh t  of  the  part icles.  Th i s  is due to de-  
crease  in the  doub le - layer  repuls ive  force as a resul t  
of  increase  in salt  concent ra t ion .  The  par t ic les  at these  
concen t ra t ions  can  on ly  be  in equ i l ib r ium u n d e r  me-  
chanica l  in te rac t ion  be tween  them;  the  analys is  does  
not  have  the capabi l i ty  to account  for  this  and  it s imply  
compu te s  the vo id  rat io  by  a s suming  that  the  par t ic les  
are touch ing  one  another,  and  tha t  the  spac ing  b e t w e e n  
t h e m  at the c loses t  edges  is zero. 
The  angle  tha t  will  b r ing  the exper imen ta l  and  the-  
oret ical  vo id  ra t ios  c loser  to each  o ther  lies b e t w e e n  
0 ~ and  45 ~ as ind ica ted  by  the  resul ts  p resen ted  in 
C o l u m n s  6 and  7. The  theory  does  not  have  the  means  
of  " p r e d i c t i n g "  this  ang le  at this  point ;  they had  to be  
assumed.  The  angles  are changed  unt i l  a good  m a t c h  
is ob ta ined  be tween  theore t ica l  and  expe r imen ta l  vo id  
ratios. The  c o m p u t e d  angles  are 44  ~ for 0.01 M, 40  ~ 
for  0.1 M and  36 o for  1.0 M concent ra t ions .  
The  analys is  resul ts  sugges t  tha t  increase  in concen -  
t ra t ion  o f  salt  decreases  the  doub le - l aye r  repuls ive  
force, w h i c h  leads to, in this  specific example ,  flatter 
par t ic le  a r rangements .  But,  more  impor tan t ly ,  the  re- 
suits sugges t  that  part icles  are far  f rom be ing  paral lel .  
A direct  and  a more  accurate  m e t h o d  of  analys is  is 
wha t  is k n o w n  as the  discrete  e l emen t  me thod ,  and  
in te res ted  reader  m a y  find an appl ica t ion  o f  this  to 
clays in  A n a n d a r a j a h  (1994).  
S U M M A R Y  A N D  C O N C L U S I O N S  
The  inf luence  o f  pore  fluid compos i t i on  of  the  equi-  
l ib r ium sed imen t  v o l u m e  o f  kaol in i te  suspens ions  was 
studied.  The  compos i t i ona l  var iab les  cons ide red  were  
the  va lence  of  cat ion,  the ionic  concen t r a t ion  and  the  
f luid 's  static dielectr ic  constant .  Regu la r  suspens ion  
tests, as wel l  as l each ing  and  cycl ic  l each ing  tests,  
were  conducted .  The  resul ts  o f  the suspens ion  tests  
conduc ted  in wate r  indica te  tha t  sed imen t  v o l u m e  de- 
creases  wi th  increase  in ion concen t ra t ion  and  increase  
in va lence  of  cation.  It is o b s e r v e d  f rom the  l each ing  
tests that  as the  salt  concen t ra t ion  in the pore  fluid of  
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an exist ing equi l ibr ium sediment  increases,  the volume 
decrease  occurs  only when  the increase in salt con- 
centrat ion is substantial.  The cyclic leaching tests re- 
veal that, for the sys tem studied, removal  o f  salt f rom 
the pore  fluid of  an exist ing equi l ibr ium sediment  does  
not  lead to not iceable  swell ing.  
The effect  o f  dielectric constant  o f  pore fluid on 
sediment  vo lume is somewha t  complex .  As dielectric 
constant  increases  f rom 1.9 in heptane to 110 in for- 
mamide ,  sed iment ' s  void ratio first decreases ,  reaches  
a m i n i m u m  of  24 in ethanol,  increases to a m a x i m u m  
of  80 in water  and then decreases  again in formamide.  
Whi le  the obse rved  trend is complex ,  it is consis tent  
with the variation of  the van der  Waals attractive force 
with dielectric propert ies  o f  organic fluids. 
The suspens ion  tests conduc ted  on kao l i n i t e -wa t e r -  
NaC1 sys tems have been  analyzed using an approxi-  
mate,  phys ico-chemica l  model .  The results sheds some 
light on the poss ible  internal fabric of  the suspensions,  
and the nature of  interparticle forces.  It is found that 
part icle a r rangement  is c loser  to r andom than parallel. 
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